Evidence from human and non-human primate studies supports a dual-pathway model of audition, with partially segregated cortical networks for sound recognition and sound localisation, referred to as the What and Where processing streams. In normal subjects, these two networks overlap partially on the supratemporal plane, suggesting that some early-stage auditory areas are involved in processing of either auditory feature alone or of both. Using high-resolution 7-T fMRI we have investigated the influence of positional information on sound object representations by comparing activation patterns to environmental sounds lateralised to the right or left ear. While unilaterally presented sounds induced bilateral activation, small clusters in specific non-primary auditory areas were significantly more activated by contra-laterally presented stimuli. Comparison of these data with histologically identified non-primary auditory areas suggests that the coding of sound objects within early-stage auditory areas lateral and posterior to primary auditory cortex AI is modulated by the position of the sound, while that within anterior areas is not.
Introduction
Sounds produced by humans, animals or objects convey information which leads to the identification of the sound source and to its localisation in space. Sound recognition and sound localisation rely, at least partially, on distinct cortical networks, commonly referred to as the auditory What and Where (or dorsal and ventral) streams (Kaas and Hackett, 2000; Rauschecker and Tian, 2000) . The separate processing of spatial and non-spatial information confers advantages, such as a very rapid discrimination of sound categories (e.g. living vs. non-living; Murray et al., 2006 , or the rapidly induced, positionspecific plasticity of spatial representations, Spierer et al., 2007) .
How 'early' in the human sound processing stream this separation occurs is not well known. A ventral recognition stream and a dorsal localisation stream have been identified in man on the temporal and parietal convexities, respectively, in imaging (Alain et al., 2001; Anourova et al., 2001; Arnott et al., 2004; De Santis et al., 2007; Lewis et al., 2004; Maeder et al., 2001 ) and lesion studies (Clarke et al., 2000 Ducommun et al., 2002; Rey et al., 2007) . Interactions between the auditory What and Where streams are likely to occur on the supratemporal plane, where the two streams partially overlap (Altmann et al., 2007; Arnott et al., 2004; Griffiths and Warren, 2002; Hart et al., 2004; Hunter et al., 2003; Viceic et al., 2006) . Several architectonically defined areas are located within this region, including the primary (on Heschl's gyrus; Morosan et al., 2001 ) and several non-primary auditory areas: the anterior (AA), anterolateral (ALA), lateral (LA), medial (MA), posterior (PA), and superior temporal (STA) areas (as identified by their histo-and immunohistochemical characteristics; Rivier and Clarke, 1997; Wallace et al., 2002) . The diversity of the early-stage non-primary areas may reflect functional specialisation, such as proposed for speech processing in LA and STA (Scott and Johnsrude, 2003) .
In non-human primates, the separation between the two processing streams is already present within the early-stage non-primary auditory areas 1 of the belt; neurons within the posterior area (CL)
were reported to be more selective for the location of a vocalisation stimulus than those in the anterior area (AL), which tended to be more responsive to the type of vocalisation (Tian et al., 2001 ). In the same study, neurons within the intermediate area (ML) were modulated by either feature, suggesting the possibility of sound object representation modulated by spatial information. A very early separation of the two streams is further supported by a double dissociation observed in cat. The deactivation through local cooling of the posterior or the anterior auditory fields resulted in selective deficits in sound-localisation or pattern-discrimination tasks, respectively (Lomber and Malhotra, 2008) . However, to date, no noninvasive study has been able to determine or confirm the separation of What and Where streams within the auditory cortex. The organisation of human and non-human auditory areas reveals similarities and differences. The main feature of core and belt areas is found in both (Hackett et al., 2001) , while the number of belt areas appears to be different; three belt areas have been identified in macaque monkeys (Kaas and Hackett, 2000; Rauschecker and Tian, 2000) , while anatomical studies identified at least five in man (Rivier and Clarke, 1997; Wallace et al., 2002) . It is currently unknown to what extent human "belt" areas participate in specialised processing streams and how far their organisation is specifically adapted to speech processing.
In human subjects, several low-resolution imaging and electrophysiological studies have shown that the auditory What and Where streams overlap partially on the supratemporal plane, suggesting that the primary and early-stage non-primary auditory areas are involved in processing of either auditory feature alone or of both, potentially in combination (Altmann et al., 2007; Arnott et al., 2004; Griffiths and Warren, 2002; Hart et al., 2004; Hunter et al., 2003; Viceic et al., 2006) . The spatial coding within these areas has been suggested to concern a relatively low level left/right discrimination, while the finer representation of auditory space is processed in higher-order areas, including the parietal cortex (Lewald et al., 2008) .
Using high-resolution 7-T fMRI we have here investigated the influence of positional information on sound object 2 representations by comparing activation patterns from environmental sounds lateralised to the right or left ear. The use of high-resolution 7-T fMRI was mandatory because of the relatively small size of the auditory areas (Rivier and Clarke, 1997) .
The increased signal to noise ratio, SNR, arising from the use of ultra-high magnetic field systems (N3 T), allows the use of smaller voxel sizes in functional MRI. Or, in other words, ultra-high fields facilitate image acquisition with significantly higher spatial resolution than possible at lower field strengths (Yacoub et al., 2001 . The available BOLD, Blood Oxygenation Level Dependent, signal on which fMRI experiments are based, also increases with field strength, yielding even higher sensitivity (van der Zwaag et al., 2009a; Yacoub et al., 2001) . Finally, the signal strength of venous blood is reduced due to a shorter relaxation time, so that spatial specificity of the BOLD signal is improved, yielding activation signals which are restricted to the cortical grey matter van der Zwaag et al., 2009a,b) . Thus, functional MRI at 7 T offers an excellent possibility to non-invasively investigate the auditory areas with high spatial precision.
Methods

Subjects
Eight healthy subjects (3 females, mean age ± SD: 22 ± 2 years) without history of neurological or psychiatric illness and with normal hearing provided written, informed consent to participate in the study. All procedures were approved by the Ethics Committee of the Faculty of Biology and Medicine of the University of Lausanne.
Stimuli and paradigm
One hundred environmental sounds of living and man-made sound sources, each 1 s long, were chosen from batteries used in previous studies (Clarke et al., 1996; Murray et al., 2006) ; all corresponded to emotionally neutral valence and intensity (Aeschlimann et al., 2008) . They were 16-bit stereo, 44,100-Hz digitisation and generated using Adobe Audition 2.0 (Adobe Systems, San Jose, CA). The sound pressure and left-right balance were controlled from the computer handling the experimental paradigm and the shielded interface unit in the magnet room. Stimuli were presented at 86-91 dB sound pressure level either to the left or to the right ear, with the same sound pressure for both ears of a volunteer (measured using a CESVA SC-L sound pressure meter; CESVA Instruments, Barcelona, Spain). Crosstalk between the left and right channels was determined to be negligible. Stimulus delivery and response recording were controlled by E-Prime (Psychology Software Tools, Pittsburgh, PA). All subjects reported satisfactory quality of the stimuli, comfortable sound levels and at least close-to-equal sound pressure in both ears.
The experimental paradigm was a triple-epoch study, consisting of right-silence-left-silence blocks. Each block lasted 30 s; those with stimuli contained two 5-s series of environmental sounds, which were presented either to the right (right) or left ear (left). During each block two image volumes were acquired. In total, 10 left-and 10 rightear presented auditory stimuli trains were played out. The subjects were asked to attend to the stimuli during the experiment, no specific responses were required on their part. The short duration of the acquisition ensured sufficient attention levels throughout the presentation of stimuli; the post-scanning debriefing confirmed that subjects perceived the stimuli correctly.
Hardware and scanning parameters
All subjects were scanned using an actively shielded 7 T/680 cm headonly MRI scanner (Siemens Medical Solutions, Erlangen, Germany) with an 8-channel head volume rf-coil (RAPID Biomedical GmbH, Würzburg, Germany). Auditory stimuli were delivered to the subjects using the EarPlug fMRI Hardware AudioSystem (NordicNeuroLab, Bergen, Norway). Foam padding was used to minimise scanner acoustic noise and reduce head-motion.
To minimise the effect of the scanner noise associated with the high gradient switching rate necessary for EPI acquisition on the auditory stimulation, a sparse acquisition strategy was used (Hall et al., 1999; Zaehle et al., 2007) ; a long repetition time allowed the auditory stimulation and the scanner acoustic noise to be well separated in time. The acquisition was timed in such a way that the superior bank of the Sylvian fissure was sampled when the maximum BOLD signal was expected, i.e. 6 s after the sound was played out. Therefore, each sound/silence instance corresponded to a single volume of the EPI acquisition train.
An EPI sequence with sinusoidal read-out (Speck et al., 2008) was used for functional data acquisition. Fifty slices aligned with the Sylvian fissure were acquired in ascending order with an in-plane resolution of 1.5 by 1.5 mm and a slice thickness of 1.5 mm. Slices were sampled in 3.14 s, inclusion of a 11.68 s delay for the sparse imaging strategy resulted in a TR of 15 s. Other parameters were: echo time/flip angle/partial Fourier factor/bandwidth = 25 ms/90°/6/8/ 1700 Hz/pixel in read-out direction. The phase encoding direction was anterior-posterior. Each slice was imaged with a matrix size of 128 by 128 with a field of view of 192 by 192 mm.
Anatomical images were acquired using the MP2RAGE sequence (Marques et al., 2009 ) with a resolution of 0.9× 0.9 × 1.1 mm, a repetition time of 5 s, bandwidth 240 Hz/pixel and an echo-time of 2.87 ms. Flip angles and inversion times for the two contrasts were 4/5°and 901/ 3201 ms, respectively. The field of view was 230 ×230 × 176 mm. A GRAPPA acceleration factor of 3 was used in the phase encoding direction. The total acquisition time was below 8 min.
Data analysis
All fMRI datasets were preprocessed and analysed with SPM5 (Wellcome Trust Center for Neuroimaging, London, UK) for individual subjects. Pre-processing steps included motion correction, co-registration with the high-resolution anatomical MP2RAGE image and normalisation to the standard MNI template preserving the original resolution. The model was defined as boxcar functions for both conditions (left/right) and convolved with the canonical haemodynamic response. Data were high-pass filtered with a cut-off period of 240 s.
An f-test using the standard SPM toolbox on left-and right lateralised sounds vs. baseline in the smoothed data yielded "main effect of sounds" activation maps for each subject. For the f-test, images were smoothed with an isotropic Gaussian kernel with FWHM = 3 mm.
However, to retain spatial resolution and avoid the use of spatial smoothing, the model was also estimated using the wavelet-analysis SPM5 toolbox WSPM (Van De Ville et al., 2007 ) (subsampling scheme 'dyadic', transform type: '2D + Z', redundancy: 'Multiple', wavelet flavour: '*ortho', degree (XY-plane): 1, number of iterations: 1) using the non-smoothed normalised volumes. The results were thresholded using a false discovery rate (FDR)-correction for multiple comparisons at p = 0.05 (Van De Ville and Unser, 2008 ) and a minimum cluster size of 5 voxels.
The following SPMs were obtained for individual subjects via ttests: left lateralised sounds vs. rest, right lateralised sounds vs. rest, left lateralised sounds vs. right lateralised sounds and right lateralised sounds vs. left lateralised sounds.
From these, for each hemisphere, ROIs defining areas where the activation was modulated by sound position (MSP) were formed by applying a threshold (p b 0.05, FDR corrected, n N 5) to left lateralised sounds vs. right lateralised sounds and right lateralised sounds vs. left lateralised sounds SPMs. ROIs covering areas where signal was not modulated by position (nMSP) were formed by exclusively masking the two SPMs of lateralised sounds vs. rest with the SPMs of lateralised sounds vs. contra-lateralised sounds, using the same threshold as for the MSP ROIs.
For each condition, the location of maximum activation in MNI space and the extent of the activated area were determined using MATLAB (Mathworks Inc., Natick, MA, USA). The maxima were compared to previous literature by conversion of the map as obtained from Rivier and Clarke (1997) and Wallace et al. (2002) into MNI space via a linear regression procedure (http://imaging.mrc-cbu.cam. ac.uk/imaging/MniTalairach) and subsequent marking of the local maxima in the projection of the MNI space onto its x-y plane.
Cortical reconstruction and volumetric segmentation of the MP2RAGE anatomical images was performed with the Freesurfer image analysis suite (http://surfer.nmr.mgh.harvard.edu/).
Results
An f-test for main effect of sounds versus baseline revealed for all individual subjects bilaterally large regions of activation on the supratemporal plane, including Heschl's gyrus, as well as patches on the superior temporal gyrus and sulcus. Data from a representative subject are shown in Fig. 1a,b . BOLD signal changes in all subjects were essentially limited to the cortical grey matter with only few spills into the underlying white matter, as can be judged from the data in Figs. 1 and 2. This distribution of the BOLD signal, as expected from physiology, is due to the specificity of the BOLD signal in ultra-high field fMRI and the high spatial resolution employed in this study.
When comparing lateralised sound stimuli to the rest condition, both left and right-sided stimuli activated Heschl's gyrus bilaterally as well as the surrounding parts of the plana polare et temporale. Sound vs. rest contrasts are shown in Fig. 1c -j as red-yellow overlays for the same representative subject as Fig. 1a-b . Activation due to rightlateralised sounds is shown overlaid on the anatomical data in Fig. 1c , e,g,i, while left-lateralised sounds are overlaid in Fig. 1d ,f,h,j. This bilateral activation pattern was found for all subjects. Activated areas were, however, larger in the hemisphere contra-lateral to the presented sound. Thus, while environmental sounds compared to rest consistently presented a bilateral activation pattern, there was a general bias towards the contra-lateral hemisphere.
Comparison of right-lateralised vs. left-lateralised stimulus presentation revealed small clusters on the left supratemporal planum temporale that were significantly more activated by the right-sided stimuli (example subject, Fig. 1c ,e,g,i cyan overlays). The reverse comparison, left-lateralised vs. right-lateralised stimulus presentation, revealed clusters on the right supratemporal planum temporale that were significantly more activated by the left-sided stimuli (Fig.  1d ,f,h,j cyan overlays). These 'modulated by sound position' or MSP clusters were consistently detected in all 8 subjects. Examples from 4 other subjects are shown in Fig. 2 . For all eight subjects, MSP regions were exclusively found with specific sensitivity for the contralaterally presented stimulus, i.e. the right hemisphere did not yield any voxels which were significantly more activated by rightlateralised sounds than by left-lateralised sounds. MSP clusters were located in the vicinity of Heschl's gyrus. In each hemisphere, MSP clusters covered 1.9 ± 0.5 cm 2 (mean ± s.e.m.) of cortical surface, or 0.9 ± 0.2 cm 3 in volume.
In either hemisphere, surrounding parts of the supra-temporal plane where activation was not modulated by sound position, i.e. the nMSP areas, were much larger than the MSP clusters, reaching as much as a 20-fold volume difference (Fig. 2) .
BOLD signal changes measured in each of the defined ROIs are presented in Fig. 3 . A three-way repeated measure ANOVA with hemisphere (right; left); region (MSP, nMSP) and ear of presentation (left; right) as within-subject factors was conducted on the BOLD signal changes measured in the ROIs.
There was a main effect of factor region (F(1,7) = 41.9; p b 0.001; ηp2 = 0.857), indicating variation in BOLD responses as a function of ROIs types. The ANOVA further revealed interactions between factors hemisphere and region (F(1,7) = 5.724; p b 0.05; ηp2 = 0.450); hemisphere and ear (F(1,7) = 127; p b 0.001; ηp2 = 0.948) and hemisphere, region and ear (F(1,7 = 107.1; p b 0.001; ηp2 = 0.939). Follow-up two-way repeated measure ANOVAs with region and ear as within-subject factors were performed separately for the left and right hemispheres. These analyses revealed significant main effects of factors region and ear (p b 0.01) as well significant region by ear interactions (p b 0.001) for both the left and right hemispheres. These effects were further examined using uncorrected paired t-tests.
They revealed that right-lateralised stimuli yielded similar BOLD signal changes in nMSP or MSP areas in the right hemisphere (p N 0.001), while left-lateralised stimuli resulted in highly significant differences in BOLD signal changes in right hemisphere nMSP and MSP areas (p b 0.0001). Therefore, the differences found between signal in MSP and nMSP areas are not due to local BOLD sensitivity. Equally, for the left hemisphere, left-lateralised stimuli yielded no significant differences in BOLD signal changes in nMSP or MSP areas (paired t-test, p N 0.001), while right-lateralised stimuli resulted in highly significant differences in BOLD signal in right hemisphere nMSP and MSP areas (paired t-test, p b 0.0001). Interestingly, even though BOLD signal changes for all subjects were larger for right lateralised sounds in the MSP ROI in the left hemisphere than for leftlateralised sounds in the MSP ROI in the right hemisphere, this effect did not reach the p b 0.001 significance level (paired t-test, p = 0.016).
Activation map coordinates were compared to histologically identified auditory areas (Rivier and Clarke, 1997; Wallace et al., 2002) . The position of local maxima from MSP activation maps of individual subjects was overlaid on a map of the supratemporal plane identifying auditory areas in both hemispheres (Rivier and Clarke, 1997) (Fig. 4) . Only maxima within the auditory cortex are displayed. Within single large clusters, local maxima separated at least 8 mm were presented. Maxima of the largest cluster per subject are presented with solid labels. Overall, subjects' data presented a consistent pattern, whereby the contra-vs. ipsilateral effect was strong in areas ALA, LA and PA, with at least 5 subjects for whom a local maximum was found in the area, weak in AI and STA, with 2-4 subjects displaying a local maximum, and absent in AA and MA. For nomenclature of early-stage auditory areas, see the list of abbreviations; for the list of the MNI coordinates for each of the MSP areas of each subject, see Table 1 . In comparison to the MSP regions, larger parts of the supratemporal plane were activated by sound vs. baseline; the red outline in Fig. 4 delimits the region in which at least two subjects presented sound vs. baseline activation. Sound vs. baseline and local MSP maxima were found mostly within the architectonically identified auditory areas by Rivier and Clarke (1997) and Wallace et al. (2002) and partially outside them. A comparison with the classical cytoarchitectonic maps of von Economo and Horn (1930) indicates that sound vs. baseline activated areas TC, TD, the different subdivisions of TB as well as parts of areas TA and TG. The local maxima form MSP activations were limited to TC, TD, TB and TAB2 (which is a transition area between TB and TA). The cytoarchitectonic heterogeneity of the cortex responding to auditory stimuli outside the areas identified by Rivier and Clarke (1997) and Wallace et al. (2002) speaks in favour of other, possible higher-order auditory areas. 
Discussion
Our results suggest that non-primary auditory areas on the supratemporal plane sustain multiple levels of sound object representations, of which some are independent of and others modulated by the position of the sound. A strong modulation was present within areas PA; LA and STA, located on the planum temporale and a weaker one within the primary auditory area and ALA; no modulation was present in areas AA and MA, located on the planum polare (Fig. 5) . The combination of the high spatial resolution of the fMRI data, increased BOLD sensitivity and specificity available from higher field strengths Turner et al., 1993; van der Zwaag et al., 2009a,b; Yacoub et al., 2001) in combination with a wavelet-based analysis (Van De Ville et al., 2007; Van De Ville and Unser, 2008) of the functional images avoided a reduction of the spatial resolution. As a result, the distinction between the primary and non-primary auditory areas in fMRI data was possible and the used spatial resolution was sufficient to distinguish between areas which were sensitive to differences in presented sound location and those which were not. Found activation patterns were highly reproducible between subjects (Fig. 2) .
Early-stage auditory areas
The specific involvement of early-stage auditory areas in sound recognition and sound localisation remains poorly understood, partially due to the small size of these areas and the relatively poor spatial resolution of previous studies. Discrete parts of the planum polare, including areas AA and ALA (Viceic et al., 2006) , were shown to be activated by tasks relevant to sound recognition or musical processes (Brown et al., 2004) , but not or significantly less by tasks relevant to sound localisation (Altmann et al., 2007; Arnott et al., 2004; Griffiths and Warren, 2002; Hart et al., 2004; Hunter et al., 2003; Viceic et al., 2006) . Discrete parts of the planum temporale, situated mainly laterally to Heschl's gyrus, (Altmann et al., 2007; Arnott et al., 2004; Griffiths and Warren, 2002; Hart et al., 2004) , and more specifically areas LA, STA, and PA (Viceic et al., 2006) , were shown to be involved equally in recognition and in spatial tasks (Fig. 5) , as well as audio-motor coordination . This agrees with our results in which spatial discrimination was especially important in LA and PA.
Auditory responses modulated by positional information
Although spatial and non-spatial auditory information have been shown to be processed to a certain degree independently, there is also evidence for interaction. Thus, auditory spatial cues do not only contribute to auditory localisation, i.e. the ability to attribute a precise egocentric spatial co-ordinate to a sound, involving overt perception of sound location (Blauert, 1996) but play also a role in sound object segregation, sometimes referred to as 'auditory streaming' (Bregman, Fig. 3 . Activation by ipsi-and contralaterally presented stimuli (light and dark columns respectively) in MSP and nMSP regions of either hemisphere. BOLD signal changes on stimulus presentation as percentage of signal intensity at rest are shown as mean (± SE) of all subjects. MSP = regions modulated by sound position, i.e., with statistically significant difference between contra-vs. ipsilateral activation; nMSP = regions not modulated by sound position, i.e. regions with significant effect of sound but without a statistically significant difference between contra-vs. ipsilateral activation. The * indicates measures which were significantly different according to paired t-tests (p b 0.0001), see manuscript text. 1990; Yost, 1991) or 'cocktail party effect' (Cherry, 1953) . These roles can be partially dissociated, as indicated by evidence from brain damaged patients, suggesting that auditory spatial information may influence directly sound object representations (Thiran and Clarke, 2003) . The interdependence of spatial and non-spatial information is furthermore suggested by facilitative interactions in near threshold discrimination tasks (Tardif et al., 2008) . Because of its involvement in processing of complex sounds and its interactions with higher order areas, the planum temporale has been proposed to constitute a computational hub for both spatial and non-spatial processing (Griffiths and Warren, 2002) .
The behaviourally relevant combination of spatial and non-spatial information in early-stage auditory areas may involve specific neural populations, whose responses to meaningful sounds are likely to be modulated by the position of the sound. Such neurons have been demonstrated in macaque belt area ML (Tian et al., 2001 ) and may be found on the supratemporal plane in man. An attempt to demonstrate spatial modulation in activation studies needs to take into account the absence of an ordered spatial representation and the most likely broad spatial tuning of individual neurons in auditory areas (Middlebrooks, 2002) and make use of the selectivity for the contralateral space, demonstrated in cat recordings (Stecker and Middlebrooks, 2003) and human lesions studies (Spierer et al., 2009 ).
To our knowledge, ours is the first study to address the issue with environmental sounds using spatial cues; several studies used speech stimuli, but they are only partly relevant because of the lateralisation of speech and language processing. Contralateral dominance for cortical auditory processing was shown with fMRI using noise bursts or tones presented to one ear, but these studies did not allow for differential appreciations of AI and the non-primary cortex (Jancke et al., 2002; Schonwiesner et al., 2007; Woldorff et al., 1999; Woods et al., 2009 ). Using 3-T fMRI, Devlin et al. (2003) investigated activation (Scott and Johnsrude, 2003) and of AA and ALA in the recognition of environmental sounds (as opposed to sound localisation; Viceic et al., 2006) . The activation by environmental sounds is strongly modulated by the spatial position of the sound in areas PA, LA and STA, weakly in AI and ALA and not at all in AA and MA (Fig. 4) .
patterns associated with monoaurally delivered tones and compared them to areas identified by Rivier and Clarke (1997) and Wallace et al. (2002) . Both left and right stimulations lead to bilateral activity in AI and non-primary areas; in non-primary areas PA, LA, MA, ALA and STA, analysed as a whole, a weak contralateral advantage was reported, while area AA was not analysed. The spatial resolution (3 × 4 × 5 mm) and the smoothing (5 mm at full-width half-maximum) used did not allow distinct analysis of individual areas. By presenting environmental sounds from the right or the left side we have been able to demonstrate activation patterns that are modulated by sound position (Fig. 5) . The comparison of our results with previous studies suggests that non-primary auditory areas have distinct selectivity features. Areas AA and ALA have been found to be selective for sound object recognition, as opposed to sound localisation, and were proposed to be part of the What stream (Viceic et al., 2006) ; see also (Altmann et al., 2007; Arnott et al., 2004; Hart et al., 2004; Hunter et al., 2003) . The influence of spatial cues on responses of ALA to environmental sounds may play a role in sound object segregation; its presence within an area of the ventral (What) stream may explain the preservation of the use of spatial cues for sound object segregation in case of spatial deafness . The role of the rather strong modulation by sound position which was observed in speech related-areas LA and STA (Scott and Johnsrude, 2003) is currently not understood and needs to be established in further studies.
Conclusions
Our results suggest that early-stage non-primary areas may be the origin of separate, specialised processing sub-streams within the classical What and Where pathways. This could be the case of two areas which belong to the What pathway and are selective for sound recognition (Viceic et al., 2006) , but differ in their sensitivity to the positional information of the sound object. Area AA, which is not modulated by positional information, may carry position-independent sound object representations which lead to the ultra-rapid sound categorisation demonstrated electrophysiologically (Murray et al., 2006) . Area ALA, which is modulated by positional information, may carry positiondependent sound object representations, which are relevant in situations where sound object segregation based on spatial cues or spatial attention is necessary. In this study, the positional information was mediated by ear of entry and allowed a rough left-right discrimination. Further studies are needed to determine whether precise positions, such as simulated by ITD cues or head transfer functions, also modulate sound object representations within the early stage auditory areas.
The existence of multiple levels in the representation of sound objects, here defined as position-dependent or -independent, is supported by evidence from other recent studies. Multiple levels of representation are likely to exist also for other auditory features, such as the physical properties of the sound track or stimulus familiarity, as recently indicated by fMRI priming studies (De Lucia et al., 2009) . The behavioural priming effect, i.e., shorter reaction times, has been reported for words, independently of whether they were repeated by the same or a different speaker (Gagnepain et al., 2008; Orfanidou et al., 2006) . The priming suppression of the BOLD response and shorter response latency occurred, however, differentially in different parts of the temporal regions, suggesting the coexistence of speaker-dependent and speaker-invariant auditory word representations. Multiple levels of object representation are not limited to the auditory modality; they have also been demonstrated in visual paradigms and in particular for view-independent and view-dependent representations within the visual What and Where pathways (James et al., 2002) .
